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TEST OBJECT FOR USE WITH DIFFUSION 
MRI AND SYSTEM AND METHOD OF 
SYNTHESIZING COMPLEX DIFFUSIVE 
GEOMETRIES USING NOVEL GRADIENT 

DIRECTIONS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the bene?t of US. Provisional 
Patent Application Ser. Nos. 60/961,458 ?led on Jul. 20, 
2007; 61/126,458 ?led on May 5, 2008; 61/011,165 ?led on 
Jan. 16,2008; and 61/011,166 ?led on Jan. 16, 2008, Which 
applications are all incorporated herein by reference in their 
entireties for all purposes. 

TECHNICAL FIELD 

The present invention relates generally to the ?eld of medi 
cal imaging, and particularly to systems and methods of syn 
thesiZing complex diffusive geometries With diffusion MRI 
and diffusion tensor imaging (DTI). 

BACKGROUND OF THE INVENTION 

Diffusion tensor imaging (DTI) is an MRI-based technique 
With great potential to enhance clinical diagnosis of pathol 
ogy in structured tissue. In particular, DTI has shoWn promise 
in the area of neurological disease, exhibiting some sensitiv 
ity to identifying White-matter tumor extent, sclerotic lesions, 
and compression trauma in spine. In clinical research, DTI 
has been used to map White matter ?ber trajectories in the 
brain. Other pathology that may be favorably characterized 
With DTI includes liver and renal diseases. 

Despite its utility, the routine diagnostic application of DTI 
remains in its infancy. Reasons for this include that, consid 
ering the large amount of information that DTI provides as 
compared to an ordinary MR sequence, the clinical adoption 
of standardized protocols is lagging. During a DTI sequence, 
a series of images are generated by applying gradient mag 
netic ?elds along particular directions, to measure the direc 
tional dependence of diffusion. DTI reduces this series of 
measurements to a tensor at every image location, With each 
eigenvalue and eigenvector representing the apparent diffu 
sion coe?icient (ADC) values along principle axes of an 
ellipsoid. Precision of the measurements depends on the num 
ber of directions sampled and the choice of particular direc 
tion schemes. Furthermore, DTI measurements characteriZe 
tissue properties indirectly, including cellular siZe, orienta 
tion, heterogeneity, and cell permeability. Uncertainty per 
sists in the understanding of hoW DTI measures correlate With 
these tissue characteristics and hoW they change With disease. 

Procedures for quality assurance (QA) and for estimation/ 
measurement of systematic uncertainty have yet to be devel 
oped for DTI. In comparison With a single intensity value per 
voxel measured using a T l-Weighted MR sequence, the end 
product of a DTI series is six values to de?ne a tensor Within 
a given reference frame, Where the frame is de?ned by three 
orthogonal vectors. As expected, the effect of noise on DTI 
data is more complicated than for routine clinical images, 
leading to a systematic bias that depends on SNR (signal to 
noise ratio). In an effort to eliminate image distortion inherent 
to the echo-planar imaging sequences predominantly used in 
the clinic and to migrate to higher-resolution imaging, paral 
lel imaging has been incorporated With DTI. Unfortunately, 
While the array coils necessary for parallel MR scanning 
systems shoW improved SNR overall, their use changes the 
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2 
spatial properties of the noise distribution over the image. 
This effect of non-uniformity in the spatial sensitivity of 
surface coils is enhanced further using parallel imaging, lead 
ing to regions Where noise may be higher or have variable 
spatial correlation, decreasing sensitivity Within these 
regions. 

Another complication With DTI QA procedures is the lack 
of a suitable test object, to evaluate and correct systematic 
bias. Diffusion depends on temperature, so thermal stability 
of such objects can also be important. Therefore, there exists 
a need in the industry for a suitable test object to evaluate and 
correct systematic bias for DTI imaging, methods for quality 
assurance, and methods for estimation/measurement of sys 
tematic uncertainty. 

SUMMARY OF THE INVENTION 

In a ?rst form, the present invention provides a phantom, or 
a test object, Which includes anisotropic structures, Which can 
be used to monitor DTI measures. The anisotropic structures 
include a plurality of Water-?lled capillaries, arranged in a 
prede?ned con?guration. 

In addition to using the phantom for providing quality 
assurance (QA) measurements of DTI in a conventional man 
ner, data scanned using a phantom of the present invention 
having simple, prolate geometry can be employed to synthe 
siZe ADC distributions that exhibit complicated behavior. The 
method of the present invention may be used for studying 
anatomically realistic diffusive behavior in tissue. 

Unlike a typical DTI scan, the ADC measurements of the 
present invention are treated in a “reconstruction” phase as if 
the gradients Were applied in different directions. If diffusion 
gradients are applied along particular directions, but the ten 
sors are calculated assuming that the gradients Were applied 
along different directions, the ADC distribution is modi?ed 
and the associated tensor shape is modi?ed. FolloWing this 
method, the ADC values derived from a real-World distribu 
tion can be rearranged into a distribution of choice. Given a 
set of reconstruction directions, a judicious choice of acqui 
sition directions for each reconstruction direction alloWs for 
the synthesis of any distribution. 

These and other aspects, features and advantages of the 
invention Will be understood With reference to the draWing 
?gures and detailed description herein, and Will be realiZed by 
means of the various elements and combinations particularly 
pointed out in the appended claims. It is to be understood that 
both the foregoing general description and the folloWing brief 
description of the draWings and detailed description of the 
invention are exemplary and explanatory of preferred 
embodiments of the invention, and are not restrictive of the 
invention, as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The patent or application ?le contains at least one draWing 
executed in color. Copies of this patent or patent application 
publication With color draWings(s) Will be provided by the 
O?ice upon request and payment of the necessary fee. 

FIG. 1 depicts a perspective vieW of a phantom for use With 
DTI imaging according to a ?rst example embodiment. 

FIG. 2 depicts a detailed vieW of a portion of the phantom 
of FIG. 1. 

FIG. 3 depicts a sectional vieW of one capillary array in 
FIG. 2. 

FIG. 4 depicts a perspective vieW of a phantom for use With 
DTI imaging according to a second example embodiment. 
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FIG. 5 depicts a sectional vieW of a phantom for use With 
DTI imaging according to a third example embodiment. 

FIG. 6 depicts a perspective vieW of a phantom foruse With 
DTI imaging and shoWing a detailed vieW of a portion of the 
arrangement of macro-arrays according to a fourth example 
embodiment. 

FIG. 7 depicts a side vieW of the phantom of FIG. 6. 
FIG. 8 depicts a side vieW of the phantom of FIG. 6 and 

shoWn Wrapped With thermal tubing. 
FIG. 9 depicts a perspective vieW of a phantom foruse With 

DTI imaging according to a ?fth example embodiment. 
FIG. 10 depicts an acquisition frame from Which a plurality 

of apparent diffusion coef?cients (“ADCs”) is acquired. 
FIG. 11 depicts a reconstruction frame representing the 

synthesis of an oblate ADC distribution. 
FIG. 12 depicts acquisition directions for synthesiZing an 

oblate ADC distribution and the volume-averaged composite 
distribution for tWo identical prolate components (crossing 
angles 1p:90°, 60°). 

FIG. 13 depicts comparisons of theoretical ADC distribu 
tions and measured or synthesized ADC distributions. 

FIG. 14 depicts the effect of SNR (signal-to-noise ratio) 
decrease on prolate (top roW) and synthesiZed (other roWs) 
ADC distributions. 

FIG. 15 depicts the effect of rotating of the scan plane from 
the orientation used to calculate appropriate diffusion gradi 
ents. 

DETAILED DESCRIPTION OF EXAMPLE 
EMBODIMENTS 

The present invention may be understood more readily by 
reference to the folloWing detailed description of the inven 
tion taken in connection With the accompanying draWing 
?gures, Which form a part of this disclosure. It is to be under 
stood that this invention is not limited to the speci?c devices, 
methods, conditions or parameters described and/or shoWn 
herein, and that the terminology used herein is for the purpose 
of describing particular embodiments by Way of example 
only and is not intended to be limiting of the claimed inven 
tion. Also, as used in the speci?cation including the appended 
claims, the singular forms “a,” “an,” and “the” include the 
plural, and reference to a particular numerical value includes 
at least that particular value, unless the context clearly dic 
tates otherWise. Ranges may be expressed herein as from 
“about” or “approximately” one particular value and/or to 
“about” or “approximately” another particular value. When 
such a range is expressed, another embodiment includes from 
the one particular value and/or to the other particular value. 
Similarly, When values are expressed as approximations, by 
use of the antecedent “about,” it Will be understood that the 
particular value forms another embodiment. 

The present invention provides a system and method for 
providing quality assurance of ADC (“apparent diffusion 
coef?cient”) values obtained When scanning an object, such 
as tissue of a human or animal subject, With a DTI sequence 
of an MRI scanner. Additionally, the present invention also 
provides a phantom or test object that can be scanned by an 
MRI using a DTI (or other) sequence to provide a baseline 
reading for DTI analysis of tissue of a human or animal 
subject. Accordingly, once a baseline is obtained, a practitio 
ner can employ one or more methods of the present invention 
to scan tissue of a human or animal subject to determine 
anomalies in the tissue. 
Phantom Examples 

The present invention provides example phantoms or test 
objects that can be scanned to provide a baseline reading (i.e., 
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4 
a mathematical model) for DTI analysis of tissue of a human 
or animal subject. As shoWn in FIGS. 1 and 2, in a ?rst 
example embodiment, the phantom 100 includes a housing 
102 that contains an assembly of a plurality of capillary arrays 
104 therein, With each capillary array closely abutting adja 
cent capillary arrays in a tessellated arrangement. Together, 
the plurality of capillary arrays 104 forms a macro-array 106. 
Hereafter, any larger-scale assembly of capillary arrays shall 
be referred to as a “macro-array”. As shoWn, each capillary 
array 104 is hexagonal in shape. The hexagonal shapes of the 
capillary arrays 104 Within the housing 102 facilitate stacking 
of the capillary arrays into the macro-array 106, Which as 
shoWn in FIG. 1 is generally rectangular in appearance and 
conforms to the shape of housing 102. HoWever, those skilled 
in the art Will understand that the capillary arrays can be any 
suitable siZe or shape, such as trapeZoidal, triangular, octago 
nal, rectangular, etc. 

Preferably, each capillary array 104 includes a plurality of 
glass capillaries 108 therein, as shoWn in FIG. 3. In a typical 
example embodiment, glass capillaries 108 are used because 
they are generally easier to manufacture With high-precision 
diameters. Additionally, the formulation of glass can be such 
that its magnetic susceptibility can be closely matched to that 
of Water. HoWever, those skilled in the art Will understand that 
other suitable materials, such as plastics, can be used for the 
capillaries 108. In a typical example embodiment, each cap 
illary’s internal diameter is betWeen about 10 and 90 microns 
and more preferably betWeen about 20 and 82 microns. Pref 
erably, all of the capillaries 108 are completely ?lled With 
Water, although in alternative embodiments, the capillaries 
can be substantially or partially ?lled With Water. Optionally, 
each capillary can include an amount of a suitable contrast 
dopant. An exemplary capillary array 104 is a hexagonal 
capillary array having 397 capillaries 108 and 1470 intersti 
tial pores of lesser volume With the Whole array bounded by a 
layer of solid glass rods 110, as manufactured by Schott North 
America, Inc. (Southbridge, Mass.) and shoWn in FIG. 3. 
Preferably, the diameter of each glass rod 110 is equal to or 
substantially equal to the diameter of each capillary 108. Also 
preferably, the capillaries 108 and the glass rods 110 are in a 
close-packed hexagonal arrangement. Those skilled in the art 
Will understand that other suitable capillary arrays of other 
siZes and shapes can be employed as Well. 

Referring back to FIG. 1, the housing 102 can be con 
structed from any suitable material having a magnetic sus 
ceptibility that can be someWhat matched to that of Water. 
Exemplary materials include polypropylene, polyethylene, 
glass, and PMMA, although those skilled in the art Will under 
stand that other suitable materials can be employed as Well. In 
the depicted embodiment, the housing 102 has a substantially 
box-like shape measuring about one inch by about one inch 
by about one inch, although those skilled in the art Will 
understand that such dimensions are exemplary and can vary 
and that any suitable siZe and shape of housing can be used. 
For example in an alternative embodiment, a cylindrical 
housing With a screWtop lid can be employed. 
The plurality of capillary arrays 104 can be bound together 

into the macro-array 106 With a Water absorbent material, 
such as cotton string (not shoWn for purposes of clarity). In 
alternative embodiments, the capillary arrays 104 can be held 
together With a someWhat of an interference ?t (such as a 
mechanical or pressure ?t) if the housing is only slightly 
larger than the macro-array, thereby providing a mechanical 
force against the macro-array. Those skilled in the art Will 
understand that other suitable devices and techniques can be 
used to secure the capillary arrays 104 together and/or secure 
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the macro-array Within the housing so as to prevent the 
macro-array from moving While the phantom 100 is scanned. 
As shoWn in FIG. 1 in the ?rst example embodiment, all of 

the hexagonal capillary arrays 104 are aligned in the same 
direction and stacked on top of each other in the housing 102. 
The bottom roW of capillary arrays 104 (i.e., the roW of 
capillary arrays at the base of the housing) includes a series of 
voids 112 (or channels) betWeen adjacent arrays. Similarly 
(and though not shoWn in the draWings for purposes of clar 
ity), the top roW of arrays 104 (i.e., the roW of capillary arrays 
near the top or lid of the housing) includes a similar series of 
voids (or channels) betWeen adjacent arrays. Alternatively, 
the top and bottom roWs of arrays can include alternating 
hexagonal arrays and trapezoidal (i.e., “half-hexagonal”) 
arrays that abut each other so as to create a hexagonal pattern 
With minimal or no space betWeen adjacent arrays or betWeen 
the arrays and the base of the housing. In another alternative 
form, instead of hexagonal arrays, all of the arrays can be 
trapezoidal, thereby providing an arrangement Without the 
voids of FIG. 1. 

In a typical example embodiment, there are generally 
enough capillary arrays 104 to ?ll or substantially ?ll the 
housing 102. A su?icient amount of Water (such as distilled 
Water) is placed inside of the housing and hence ?lls any voids 
betWeen the arrays and betWeen the arrays and the housing. In 
alternative embodiments, the macroarray of capillary arrays 
104 ?ll only a portion of the housing 102. In such an embodi 
ment, it may be advantageous to place a Weight, such as a 
Water- saturated piece of material (such as cotton) or fabric, on 
the macro-array 106 so as to keep the capillary arrays 104 in 
a tightly stacked con?guration. However, When hexagonal or 
trapezoidal capillary arrays 104 are used, there is a natural 
tendency for the macro -arrays to stack in a tight con?guration 
in shape. 

The phantom 100 can be scanned With an MRI using a DTI 
sequence of the present invention to image the prolate ADC 
distributions in a region of interest (“ROI”) containing the 
capillaries 108. Data from scans of the phantom 100 in this 
con?guration can then be used to synthesize other distribu 
tions. 
A second example embodiment of a phantom 150 is shoWn 

in FIG. 4. The phantom 150 is substantially similar to the 
phantom 100, but With the exceptions noted herein. Prefer 
ably, each roW 15211-15211 or layer of the capillary arrays 154 
is rotated 90° relative to the previous layer, thereby creating 
alternating roWs of arrays, as generally shoWn in FIG. 4. In 
other Words, the capillary axes of each roW are generally 
perpendicular to the tWo adjacent roWs. As such, the phantom 
150 generally behaves as a tWo-tensor diffusion distribution 
because of volume averaging of the crossing capillary layers. 
The data from the phantom 150 of this con?guration can be 
used to con?rm the general shape of a tWo-tensor diffusion 
distribution. 

Notably, this stacking pattern of capillary arrays 154 in the 
phantom 150 alloWs more Water to be located outside of the 
arrays, as shoWn by arroWs 160. For example, the Water 160 
located outside of the arrays 154 can be approximately 40% 
by Water volume. Because of the increase in Water external to 
the arrays 154 (as compared to the phantom 100 of FIG. 1), 
higher ADC values in all directions and loWer anisotropy can 
be expected. 

In an alternative embodiment, the shapes of the arrays 154 
can be trapezoidal. With such construction of roWs rotated 
90° relative to adjacent roWs, ?at layers of arrays can be built 
With alternating layers of capillaries (With feWer voids than 
that of FIG. 4), Where the capillaries in each matrix (or roW) 
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6 
can point to an arbitrary angle to other planes. Accordingly, 
the ADC values remain close to the same per plane of trap 
ezoidal arrays. 
A third example embodiment of a phantom 200 is shoWn in 

FIG. 5. The phantom 200 includes tWo arrays 202, 204 of 
Water-?lled capillaries, each housed Within an undoped 
Water-?lled glass housing 206, 208 such as a glass vial. 
Together the tWo arrays 202, 204 form a macro -array. The ?rst 
array 202 has thirteen Water-?lled capillary arrays 210 bound 
together, With each capillary in the capillary array having an 
inner diameter of approximately 23 um. The approximate 
diameter of the ?rst array 202 is thus 4 mm. The second array 
204 has thirteen Water-?lled capillary arrays 212 bound 
together, With each capillary in the capillary array having an 
inner diameter of approximately 83 um. The approximate 
diameter of the second array 204 is thus 8 mm. One standard 
deviation (SD) of error in measuring these diameters is equal 
to about 2 pm. Both the ?rst and second arrays 202, 204 are 
approximately 8-10 mm in length. Preferably, the capillary 
axes 214, 216 for both arrays 202, 204 are oriented approxi 
mately normal to the axial image plane. Preferably, the ?rst 
and second arrays 202, 204 are bound together such as With a 
cotton string. 

Prior to imaging, the glass housings 206, 208 can be placed 
into a single Water-?lled container 218, such as an approxi 
mately 0.6 liter polypropylene container although other suit 
able containers can be used. Accordingly, the phantom 200 
can accommodate voxel sizes typical of a clinical procedure 
(i.e., approximately 1-10 m3) and can be used to study the 
effect of SNR on DTI eigenvalues using a clinical MRI scan 
ner. Both arrays 202, 204 can be imaged in at least one 2D 
axial plane of approximately 3 mm thickness. 

Optionally, the Water in the housings 206, 208 and/or the 
container 218 can be lightly doped With a suitable contrast 
dopant, such as copper sulfate (CuSO4), Gd-DPDT, or heavy 
Water, to alloW for shorter TR and/or TE, to alter the signal 
intensity, and to decrease sequence duration. The phantom 
200 can be employed to examine the effect of iteration on 
sorting procedures. Additionally, heavy Water may provide 
certain additional advantages over other contrast dopants. 
Heavy Water has virtually the same properties as normal 
Water, With the exception that the hydrogen nucleus is heavy 
Water contains an extra neutron. So, heavy Water diffuses at 
approximately the same rate and has approximately the same 
magnetic susceptibility as normal Water, but heavy Water is 
not visible using a standard MRI sequence. So, in a compart 
ment having a mixture of equal parts of normal Water and 
heavy Water, the image of that compartment Will be about 
50% the signal (and SNR) of that of a compartment of normal 
Water. Accordingly, the SNR can be adjusted Without adjust 
ing the T 1 or T2 relaxation. 
A fourth example embodiment of a phantom 300 is shoWn 

in FIGS. 6-8. Advantageously, the phantom 300 includes a 
variety of different sized structures so as to produce an initial 
range of eigenvalues, from the differences in diffusion prop 
erties arising from the structures in each compartment. An 
initial range of SNR values can be speci?ed by the use of a 
contrast dopant to increase or decrease the image intensity. 
The phantom 300 includes a Water-?lled housing 302. 

Preferably, the housing 302 is permanently sealed such that 
the Water cannot escape the housing. Alternatively, the hous 
ing 302 can include a removable lid With a Watertight seal. In 
the depicted embodiment, the housing 302 has a generally 
cylindrical shape, although those skilled in the art Will under 
stand that other suitable shapes for the housing can be 
employed as Well. In a typical example embodiment, the size 
and shape of the housing 302 approximates the size and shape 
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of a human head or brain. For example, the diameter can be 
between approximately 8-12 inches in diameter and the 
length can be about 5-6 inches. Those skilled in the art Will 
understand that such dimensions are exemplary and can vary 
in other embodiments. The housing 302 can be constructed of 
any suitable material such as, but not limited to, polypropy 
lene, polyethylene, PMMA, or glass. 

The housing 302 encases a plurality of matrices of discrete 
compartments. In the depicted embodiment, the housing 302 
encases tWo matrices 304, 306 of compartments, each having 
sixteen discrete and spaced-apart compartments 308a-308p, 
310a-310p, although those skilled in the art Will understand 
that only one or a plurality of matrices can be employed and 
that feWer or additional compartments can be used. In a typi 
cal example embodiment, the compartments 308a-308p, 
310a-310p are generally cubical in shape and measuring 
about one cubic inch, although those skilled in the art Will 
understand that such shape is not critical and that any suitable 
siZed and shaped compartment can be used. Adjacent com 
partments can be spaced about one inch apart, While in an 
alternative embodiment, adjacent compartments can closely 
abut each other. 

The ?rst matrix 304 includes sixteen compartments 308a 
308p, namely four roWs by four columns of compartments. 
Each compartment 308a-308p is preferably spaced apart 
from the others and secured to a Wall of the housing 302. As 
depicted, the compartments 308a-308p are attached to the 
inner face of the cylindrical housing 302. Alternatively, each 
compartment 308a-308p can be attached to a disk-like plate 
that is secured Within the housing 302. 

Each compartment 308a-308p encases a single macro 
array of a plurality of capillary arrays having capillaries of a 
single inner diameter, but each column of compartments pref 
erably includes capillaries having differing inner diameters. 
The con?gurations of the arrays are substantially similar to 
that of FIGS. 1-4, With the notable difference being the siZe of 
the individual capillaries. Preferably, all of the arrays are 
aligned in each compartment 308a-308p such that the capil 
lary axes point in the longitudinal axis of the cylinder. Alter 
natively, the stacking pattern of capillary arrays as shoWn in 
FIG. 2 can be employed. 

The ?rst column includes capillaries of a ?rst diameter; the 
second column includes capillaries of a second diameter 
(Which is different than the ?rst); the third column includes 
capillaries of a third diameter (Which is different than the ?rst 
and second); and the fourth column includes capillaries of a 
fourth diameter (Which is different than the ?rst, second, and 
third). Preferably, the various compartments in a roW span a 
reasonable range of diameters that is clinically relevant. 
Accordingly, the change in diameter siZe depends, in part, on 
the number of compartments and the range spanned. Assum 
ing a range of approximately 20 to 80 microns (Which is a 
clinically relevant range) and four compartments, the inner 
diameters of the capillaries of the arrays of the four columns 
are 82, 51, 32, and 20 microns, respectively. Thus, the siZe of 
the capillaries varies by about 60% betWeen adjacent com 
partments. Accordingly, such arrangement of compartments 
results in a range of different eigenvalues to be measured. 

The ?rst roW of compartments 308a-308d, each is ?lled 
With normal Water. The remaining compartments 308e-308p 
are each ?lled With a mixture of Water and a contrast dopant 
that surrounds the arrays. As explained above, such dopants 
can include, but are not limited to, (CuSO4), Gd-DPDT, and 
heavy Water. Each compartment in each roW has the same 
speci?ed amount of applied dopant, but preferably the 
amount of dopant varies among the roWs. Thus, When the ?rst 
matrix 304 of the phantom 300 is imaged using a DTT 
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8 
sequence, the eigenvalue along the axis of each array is the 
same for each compartment given distilled or doped Water as 
the compartment ?llant, While the tWo smallest eigenvalues 
spanning across the diameter of the capillaries should get 
smaller With smaller diameter. Those skilled in the art Will 
understand hoW to construct other suitable ranges and 
arrangements. 
The second matrix 306 is substantially similar to the ?rst, 

With the notable difference being that there are no capillaries 
or arrays in any of the compartments 310a-310p. Rather, each 
compartment contains only Water and optionally a dopant. In 
other Words, the compartments 310a-310d include only 
Water, While the compartments 310e-310p include a mixture 
of Water and dopant. Typically, the number and shape of the 
compartments 310-310p of the second matrix 306 generally 
mirror that of the ?rst matrix 304. Each column of compart 
ments of the second matrix 306 can be identical to that of the 
other columns, as the amount of dopant varies betWeen the 
roWs. Preferably, the amount of dopant applied to each to each 
compartment 310 provides the same or substantially similar 
concentration as that of the corresponding compartment of 
the ?rst matrix 304. Those skilled in the art Will understand 
that a single column can be used, but preferably, a matrix of 
compartments having the same number as the ?rst matrix is 
used to determine hoW noise varies across the image plane. 

Nominally, DTI imaging of the Water-?lled compartments 
310a-310p of the second matrix 306 should result in mea 
surements of isotropic diffusion, Whereas, the macro-array 
?lled compartments 308a-308p should shoW diffusion occur 
ring more freely along the capillary array axis and more 
restricted across the diameter of the capillaries. 
The increase in dopant alloWs for the SNR of each com 

partment to vary along this direction by shortening either a) 
the T 1 -relaxation time to decrease magnetic saturation effects 
of Water and increase signal intensity, or b) the T2-relaxation 
time to decrease signal intensity in the DTI image series. Both 
types of dopants (T 1- and T2-altering agents) result in an 
alteration of the image intensity and therefore vary the SNR 
bias. Dopant such as heavy Water can also alter SNR of the 
image Without altering T1 and T2 relaxation rates. Both the 
matrices of capillary array compartments and the free-Water 
compartments contain this variation in contrast dopants. 
The housing 302 further includes a plurality of Water ?lled 

rods 320 attached to the exterior of the housing. Preferably, 
the rods 320 are spaced apart and attached to the housing 302 
at equidistant points. In a typical example embodiment, four 
rods 302 are used to aid the user in properly aligning the 
phantom Within the image ?eld. HoWever, those skilled in the 
art Will understand any suitable number of rods can be used. 
As depicted, the length of each rod 320 can be approximately 
the same as the length of the housing 302, although in other 
embodiments, the lengths of the rods can be longer than or 
shorter than the length of the housing. Preferably, the rods 320 
are constructed of a substantially rigid and durable material, 
such as but not limited to as plastics (polypropylene, polyeth 
ylene, etc.), PMMA, and glass. The rods 320 can be adhered 
to the housing 302 With a suitable glue or adhesive. Altema 
tively, the housing 302 can include a plurality of slots into 
Which the rods are slid and secured (as per a mortise and tenon 
joint, for example). Those skilled in the art Will understand 
that other suitable fasteners and fastening techniques can be 
employed to secure the rods 320 to the housing 302. 

Preferably, the rods 320 are completely or substantially 
?lled With Water so that they can function as ?ducials to 
provide imaging landmarks for proper alignment of the imag 
ing plane With respect to the capillaries in the compartments 
308a-308p. Given that the rods 320 are preferably in perma 
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nent alignment, the imaging plane can be prescribed in a 
variety of different directions, from Which the angle With 
respect to the capillaries Will be known. This feature alloWs 
for the testing of the measured eigenvector directions, given 
the actual orientation of the capillaries. 

Optionally, the housing 302 can be Wrapped With a thermal 
insulating material so as to keep the temperature (and the 
corresponding diffusivity Within the compartments) constant. 
Additionally or alternatively, the housing 302 can be Wrapped 
With thermal tubing 330, as shoWn in FIG. 8, so as to control 
the range of measurable eigenvalues by changing the tem 
perature of the phantom. As shoWn in FIG. 8, a coil of plastic 
tubing 330 connected to a Water bath circulation device (not 
shoWn) can provide a stable temperature during measurement 
as Well as the adjustment of temperature. Raising or loWering 
the temperature should raise or loWer all the measured diffu 
sion eigenvalues together. Thus by changing the temperature, 
the range of eigenvalues can overlap more fully With realistic, 
measured values in tissue. 

In an example manner of use, When the phantom 300 is 
imaged With a DTI sequence, the range of SNR values can be 
adjusted by scanning the phantom multiple times With the 
identical sequence, then averaging images in the DTI series 
together. SNR can be measured using the folloWing formula: 

<Icompartment> 
SNR = 

0.6601,” 

Here, lcompartmm is the image intensity averaged Within an 
ROI (“region of interest”) in a compartment, and om, is the 
standard deviation of image intensities calculated Within an 
ROI outside of the phantom 3 00, Where no signal should exist. 

In summary, one Would in practice preferably scan the 
phantom 300 a number of times using the same protocol, for 
averaging series together to increase SNR as Well as for 
imaging after manipulating the phantom temperature to 
increase the range of measurable eigenvalues. 

Accordingly, the con?guration of the phantom 300 pro 
vides a reasonable amount of quality assurance by having at 
least tWo matrices of compartments. The ?rst matrix 304 
includes capillaries in the compartments 308a-308p, Where 
the siZe varies from compartment to compartment and the 
contrast dopant varies from compartment to compartment. In 
this manner, a practitioner can look at a range of eigenvalues 
from compartment to compartment, Which can be calculated 
using regions of interest in the images With different signal 
intensities (and corresponding signal-to-noise ratios) from 
compartment to compartment. Thus When the phantom 300 is 
imaged With a DTI sequence, all of the measurements of 
eigenvalues (three per image pixel in a region of interest) 
should be the same for a given capillary siZe. Any differences 
can be attributed to the introduction of systematic errors from 
the MR scanner system or noise, and that difference typically 
is of a different magnitude for each different capillary siZe. 

In other Words, by design, the phantom 300 alloWs for 
some degree of relative self-veri?cation. Examining the cap 
illary macro-array compartments 308a-308p, each column 
Would yield the same trio of eigenvalues if there Were no SNR 
bias. Furthermore, the second and third largest eigenvalues 
Would be the same if there Were no SNR bias because of the 
cylindrical symmetry of the capillaries. Considering the com 
partments 310a-310p (having no capillaries), all three eigen 
values for all compartments 310a-310p should be identical 
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10 
for no SNR bias, as diffusion in Water is isotropic. Differences 
from those noted above result from the SNR bias that is to be 
determined. 

In an alternative embodiment, the compartments 308, 310 
are ?lled With one or more ?uids in addition to or other than 

Water that have different diffusivities. Such ?uids can include, 
but are not limited to, mineral oil and alkanes. In this manner, 
those skilled in the art Will understand that even though the 
eigenvalue Would be the same Within a plane, the eigenvalue 
along the axis of the arrays Would vary from plane to plane. 

In still an alternative embodiment as shoWn in FIG. 9, a 
modularphantom 350 can be used. The phantom 350 includes 
a plurality of housings, Wherein each housing comprises a 
matrix of compartments of capillary arrays or compartments 
of Water and a mixture of Water and dopant. TWo such hous 
ings 352, 354 are depicted, although those skilled in the art 
Will understand that additional housings can be employed. 
Also as shoWn, each housing 352, 354 can comprise a single 
matrix 356, 358 of compartments 360, 362. Preferably, each 
housing 352, 354 includes a fastener portion (not shoWn for 
purposes of clarity) for mating With a cooperating fastener of 
another housing. As such, tWo or more housings can be mated 
together. For example, the housings 352, 354 can be secured 
to one another With nylon screWs, although other suitable 
fasteners and fastening techniques can be employed. If tWo 
generally cylindrical housings are used, then the housings can 
be mated at their respective faces. 

With such a modular arrangement, the matrix 356 in hous 
ing 352 can include a plurality of arrays arranged in the 
manner disclosed in FIG. 1, While the matrix 358 in housing 
354 can include a plurality of arrays arranged in the manner 
disclosed in FIG. 4. Also With such a modular arrangement, 
the phantom 350 can be modi?ed or customiZed for a particu 
lar application Where it may be advantageous to have a ?rst 
matrix With certain features and one or more additional matri 
ces With certain other additional features. 

EXAMPLE APPLICATIONS OF THE 
INVENTION 

Prior to describing the system and method of the present 
invention, a revieW of hoW a DTI sequence measures diffu 
sion is noW discussed. Use of a Stej skal-Tanner sequence to 
measure Water diffusion in tissue along a particular direction, 
fi, alloWs for the diffusion to be calculated in an image voxel 
according to this familiar equation: 

i *bidi Sl-iSoe (1) 

Here, d,- is the apparent diffusion coe?icient (ADC) mea 
sured along the direction fi. The measurement of ADC using 
a single diffusion-Weighted (DW) image or a multi-direction 
DTI sequence requires the acquisition of an additional image 
With no diffusion Weighting (a “bIO” image). In the above 
equation, S1- is the DW-signal, and S0 is the signal Without any 
diffusion Weighting. Both images share the same contrast 
Weighting contribution from T2 relaxation. The additional 
diffusion Weighting for S1. is controlled using magnetic gra 
dients and is characterized by the parameter b, given by the 
folloWing equation: 

The strength, duration, and separation of the diffusion gra 
dient pulses applied along fl- are given as | gZ-I, A and 6, respec 
tively. y is the gyromagnetic ratio of the proton. 



US 8,134,363 B2 
11 

Assuming that 3D tissue diffusion can be represented using 
a diffusion tensor, D, the measured ADC value is the proj ec 
tion of the tensor along the gradient direction: dZ-IrZ-TDri. One 
can apply a rotation, R, to the gradient coordinate system such 
that the eigenvectors of the tensor align With the coordinate 
axes: 

In the coordinate system of the diagonaliZed tensor D“, the 
ADC value is sampled along some direction pi:[cos 61-; cos 4),. 
sin 61.; sin (1)1. sin 61.], related to the gradient direction via the 
rotation R: 155R? 

Here, 7»,- are the eigenvalues of the tensor, Which lie along 
the x; y; Z-axes in the frame of the diagonaliZed tensor. 
Because of the squared directional term in Equation 7, the 
sampled ADC distribution is proportional to the square of the 
angular distribution function describing actual diffusive 
behavior. For tensors With prolate symmetry (i.e., one large 
eigenvalue and tWo smaller, equal eigenvalues), associated 
With capillary structures, the distribution in Equation 5 forms 
the familiar “peanut” shape as depicted in FIG. 10 of theADC 
distribution. Assuming cylindrical symmetry of the structure 
being imaged With the axis having the largest eigenvalue 
aligned along the Z-axis, this distribution Will specify anADC 
value that can be measured by applying a gradient at the 
aZimuthal and Zenith angles ($1.; 61.) to the image plane. 

The effect of systematic error or noise on the determination 
of di, leading to uncertainty or bias in eigenvalues, can be 
understood using Equations 1 and 2. Unstable or erroneous 
gradient performance can affect b, Which can modulate 8,, di, 
and measurements of the tensor positively or negatively. On 
the other hand, noise in magnitude images folloWs a Rician 
distribution, adding a positive contribution to SI. and to the 
non-DW bIO signal (S0) to a lesser extent. In general, this 
raises the value of SI- When it becomes comparable to the mean 
value of noise, decreasing the measured value of di. 
SynthesiZing ADC Distributions Via Remapping of Gradient 
Directions During Reconstruction 

Although the phantom test object detailed in the ?rst form 
can be used to perform QA measurements for DTI imaging, 
one can extend the utility of the phantom by using a technique 
to generate data shoWing diffusive characteristics more com 
plex than those exhibited by the phantom under normal imag 
ing conditions. A conventional DTI scan applies directional 
diffusion gradients during the “acquisition” phase of a DTI 
scan. Unlike a typical DTI scan, the ADC measurements of 
the present invention are treated in a “reconstruction” phase 
as if the gradients Were applied in different directions. If 
diffusion gradients are applied along particular directions, but 
the tensors are calculated assuming that the gradients Were 
applied along different directions, the ADC distribution is 
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12 
modi?ed and the associated tensor shape is modi?ed. FolloW 
ing this procedure, the ADC values derived from a real-World 
distribution can be rearranged into a distribution of choice. 
Given a set of reconstruction directions, a judicious choice of 
acquisition directions for each reconstruction direction 
alloWs for the synthesis of any distribution as long as the 
minimum and maximum ADCs in the distribution are 
bounded by Equation 8. 
Case 1: Use of Prolate Geometry to Generate Oblate Data 

To synthesiZe an oblate ADC distribution from a measured 
prolate distribution, one recogniZes that the oblate distribu 
tion can be described as a solid of revolution generated by 
rotating a prolate distribution 360° around an axis. For 
example, rotation of the prolate distribution in FIG. 1 0 around 
a central axis parallel to x results in the oblate distribution 
shoWn in FIG. 11. Considering that the prolate distribution 
exhibits a higher diffusivity along 2, the solid of revolution 
speci?es higher diffusivity in the y'-Z' plane. Noting that the 
difference in diffusivity for both distributions lies along the y, 
yo axes, oblately-distributed ADC data that is to be recon 
structed along yo (shoWn by the green line in FIGS. 10 and 11) 
is acquired along 2 using the prolate structure. One simple 
acquisition scheme of the present invention to accomplish 
this involves turning on the Z- gradient for any reconstruction 
direction With a Z' or y' component: 

After reconstruction, unrestricted diffusion measured 
along 2 can be redistributed Within the y'-Z' plane. In this 
scheme, the y component of the acquisition direction is set to 
Zero, meaning that the y-gradient is not turned on. 

Although this scheme is capable of synthesiZing an oblate 
distribution, the duty cycle and direction of the gradients is 
not similar to scannerperformance for a routine DTI protocol, 
Where gradient directions are typically distributed fairly 
evenly over a sphere. Another scheme of the present invention 
that uses the gradients more like a clinical scan arises from the 
recognition that prolate diffusion is restricted equally along x 
and When a reconstruction direction has a non-Zero x' 
component, that component canbe measured by sampling the 
prolate distribution in the x-y plane using a randomly-gener 
ated aZimuthal angle 0t: 

Using this second scheme of the present invention, the fact 
that the Z-component of the gradient directions is a function of 
uniformly distributed y' and Z" components indicates that the 
duty cycle of the Z-gradient is someWhat higher than for an 
ordinary DTI sequence. Likewise, the duty cycle of the x- and 
y-gradient is someWhat less than for an ordinary DTI 
sequence. 
TWo assumptions Were made in this example to motivate 

the derivation of equations intuitively. These can be lessened 
to provide a more general result. The ?rst assumption is that 
Equations 9 and 10 demand that the axes in the reconstruction 
frame are parallel to the axes in the acquisition frame. Under 
this assumption, the orientation of the synthesiZed oblate 
distribution With respect to the prolate distribution is shoWn in 
FIGS. 10 and 11. The second assumption is that the desired 
oblate distribution results from a solid of revolution using the 
measured prolate distribution. This leads to eigenvalues of the 
oblate distribution being equivalent to other eigenvalues in 
the prolate distribution (i.e., (7»1, KQMMWEKI Wold“, and 
k3,0bZateE(}\,2, k3 Prolate). This assumption is responsible for 
Equation 10 having no dependence on eigenvalues of either 
distribution. 














